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PmFACE 
This report presents in its four volumes the results of studies 
conducted during the period March 6, 1967 -June 30, 1968, under NASA 
research contract NSR 05-003-189, "Materials Studies Related to Lunar 
surface Exploration." This study was sponsored by the Advanced Lunar 
Missions Directorate, NASA Headquarters, and was under the technical 
cognizance of Dr. N. C. Costes, Space Sciences Laboratory, 
George C. Marshall Space Flight Center. 
This report reflects the combined effort of five faculty investiga- 
tors and a full time project manager/engineer assisted by six graduate 
research assistants, representing several engineering and scientific 
disciplines pertinent to study of lunar surface material properties. 
James K. Mitchell, Professor of Civil Engineering, served as Principal 
Investigator and was responsible for those phases of the work concerned 
with problems relating to lunar soil mechanics and the engineering 
properties of lunar soils. Co-investigators were Ian C. Carmichael, 
Professor of Geology, in charge of geological studies; Joseph Frisch, 
Professor of Mechanical Engineering, who was responsible for analysis of 
friction and adhesion problems and the testing of materials under high- 
vacuum conditions; Richard E. Goodman, Associate Professor of Geological 
Engineering, who was concerned with the engineering geology and rock 
mechanics aspects of the lunar surface; and Paul A. Witherspoon, 
Professor of Geological Engineering, who conducted studies related to 
thermal and permeability measurements on the lunar surfs.ce. 
Francois E. Heuzg, Assistant Specialist, served as project manager and 
contributed to studies in the areas of rock mechanics and engineering 
geology. 
I WRODUCT I O N  
I. OBJECTIVES 
It i s  axiomatic t h a t ,  among the myriad of technical  and s c i e n t i f i c  
f ac to r s  t h a t  must be considered i n  the lunar  exploration program, the  
nature of lunar s o i l  and rock surface mater ia ls  is  of prime importance 
i n  the design of spacecraft  landing systems, the  design of surface 
mobility systems, the  design of experiments t o  be conducted on the lunar  
surface,  mission planning, and, ult imately,  to  mission success. With- 
out  spec i f ic  knowledge of the  mechanical propert ies  of lunar s o i l s ,  
designers and mission planners have no choice but to adopt ultraconser- 
vat ive designs and procedures i n  an e f f o r t  t o  insure ast ronaut  sa fe ty .  
Thus it i s  of paramount importance t h a t  as  much spec i f i c  information a s  
possible  about lunar surface mater ia l  p roper t ies  be obtained p r io r  t o  
the  f i r s t  manned lunar mission, and t h a t  planning and design options fo r  
fur ther  missions remain open the rea f t e r  i n  order t o  accommodate changes 
as  more and more spec i f ic  data become avai lable .  
The study described i n  t h i s  report  w a s  i n i t i a t e d  i n  an e f f o r t  t o  
b e t t e r  define both the  surface material  r e l a t ed  engineering problems 
and the relevant  propert ies  of the  mater ia ls  themselves. 
developed as a r e s u l t  of t h i s  e f f o r t  w a s  then u t i l i z e d  i n  spec i f i c  
s tud ie s  of problems considered t o  be of c r i t i c a l  importance and f o r  the  
development of analysis  and t e s t i n g  methods t h a t  appear pa r t i cu la r ly  
promising f o r  t he  study of lunar surface proper t ies  by both remote and 
tac t i le  means. 
Information 
Specific object ives  t h a t  w e r e  set  a t  the onset of the  study w e r e :  
1. To define geological and engineering problems associated with 
on-si te  lunar exploartion dependent on knowledge of s o i l  and 
rock propert ies  f o r  solut ion.  
2. To c r i t i c a l l y  evaluate current  knowledge concerning lunar 
surface mater ia ls ,  t h e i r  propert ies ,  and t h e i r  re la t ionships  
t o  problems associated with on-si te  lunar exploration, and t o  
select reasonable models fo r  lunar surface conditions. 
V i  
3 .  
4, 
5. 
6 .  
7. 
To make preliminary formulations of desirable on-site soil and 
rock mechanics studies for extended lunar exploration and to 
make recommendations as to appropriate apparatus and required 
astronaut skills for performance of such investigations. 
To undertake preliminary studies for development of rock testing 
devices for use in a borehole on the lunar surface for the 
determination of the stress-strain characteristics of rocks. 
To review friction and adhesion problems and to make recommenda- 
tions for improved design of existing apparatus for determina- 
tion of frictional and adhesive characteristics of different 
metallic and nonmetallic materials under high vacuum and at 
high and low temperatures. 
To make recommendations and cost estimates for the design of 
apparatus for measuring silicate mineral solubility and viscosity 
at high temperatures and pressures and for determining the 
distribution of silicates between gas and liquid phases. 
To review critically theories for the origin of the moon and to 
consider logical sequences for investigations to be carried out 
on the lunar surface for most efficient determination of 
composition, structure and history of the moon. 
The results of studies of this type are intended to aid in attain- 
ment of the following longer range goals: 
1. 
2. 
3 .  
4. 
Development of capability for predicting, at least in a semi- 
quantitative manner, soil conditions at any point on the moon 
on the basis of remote measurements. 
Development of capability for detailed quantitative determina- 
tion of soil and rock properties at any chosen site where 
scientific or engineering work is contemplated. 
Development of methods of analysis suitable for solution of 
soil and rock mechanics problems on the moon. 
Utilization of the information obtained, both as an aid in the 
interpretation of geologic processes on the moon and as a means 
for developing improved understanding of soil and rock behavior 
on the earth. 
U i i  
11, SCOPE OF WORK OUTLINE OF FINAL REPORT 
As work proceeded 'on each of these objectives several specific 
topics emerged as particularly needing more detailed study, and, 
consequently, during the later phases of the study efforts were 
intensively directed at these topics. 
studies of a braod and general nature within a particular area to the 
isolation of specific problems and more detailed studies of these 
problems. This is reflected in the general outline of the 4 volumes 
constituting this report, as shown below: 
Thus the trend has been from 
VOLUME I 
LUNAR SOIL MECHANICS AND SOIL PROPERTIES 
Chapter 1. Lunar Soil and Rock Problems and Considerations in 
Their Solution 
(James K. Mitchell) 
Chapter 2. Engineering Properties of Lunar Soils 
(James K. Mitchell and Scott S. Smith) 
Chapter 3 .  Materials Properties Evaluations from Boulder Tracks 
on the Lunar Surface 
(James K. Mitchell and Scott S. Smith) 
Chapter 4. Impact Records as a Source of Lunar Surface Material 
Property Data 
(James K. Mitchell, Donald W. Quigley, and Scott S. Smith) 
Chapter 5. Lunar Stratigraphy as Revealed by Crater Morphology 
(Francois E. Heuz6 and Richard E. Goodman) 
Chapter 6. Geochemical Studies 
(I. S. E. Carmichael and J. Nicholls) 
Appendix. Library of Lunar Surface Exploration Materials 
(Francois E, Heuz6) 
v i i i  
VOLUME I1 
APPLICATION OF GEOPHYSICAL AND GEOTECHNICAL METHODS 
TO LUNAR SITES EXPLORATION 
Chapter 1. The Application of Geophysical Methods to Lunar Site 
Studies 
(Richard E. Goodman, Jan J. Roqgeveen, and 
Francois E. Heuzg) 
Chapter 2. Investigation of Rock Behavior and Strength 
(Francois E. Heuz6 and Richard E. Goodman) 
Chapter 3.  The Measurement of Stresses in Rock 
(Francois E. Hem6 and Richard E. Goodman) 
Appendix. Data Interpretation from Stress Measurement 
Chapter 4. The Measurement of Rock Deformability in Bore Holes 
(Richard E. Goodman and Francois E. Heuz6) 
VOLUME I11 
PRELIMINARY STUDIES ON SOIL/ROCK ENGINEERING PROBLEMS 
REXATED TO LUNAR EXPLORATION 
Chapter 1. Trafficability 
(James K. Mitchell, Scott S. Smith, and 
Donald W. Quigley) 
Appendix 1-A. Recent Trafficability and Mobility 
Literature 
Appendix 1-B. Determination of Vehicle Mobility Index 
for Use in Army Mobility Branch (WES) 
Method of Trafficability Analysis 
Chapter 2. Friction and Adhesion in Ultrahigh Vacuum as Related 
to Lunar Surface Explorations 
(J. Frisch and U. Chang) 
Appendix. Design of Rolling Friction Experimental 
Apparatus 
iX 
VOLUME I11 (Con t e 1 
Chapter 3 ,  Utilization of Lunar Soils for Shielding Against Radiations, 
Meteoroid BOardment, and Temperature Gradients 
(Francois E. Heuz6 and Richard E, Goodman) 
VOLUME IV 
PRELIMINARY STUDIES FOR THE DESIGN OF ENGINEERING PROBES 
Chapter 1. The NX-Borehole Jack for Rock Deformability Measurements 
(Richard E. Goodman, Tranh K. Van, and Francois E. Heuz6) 
Appendix. Analytical Solution for Unidirectional Loading 
of Bore Hole Wall 
Chapter 2. Permeability and Thermal Conductivity Studies for 
(Paul A. Witherspoon and David F. Katz) 
Lunar Surface Probes 
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C H A P T E R  1 
THE APPLICATION OF GEOPHYSICAL METHODS 
TO LUNAR SITE STUDIES 
Richard E. Goodman, Jan J. Roggeveen, and Francois E. Heuze 
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CHAPTER 1 
THE APPLICATION OF GEOPHYSICAL METHODS 
TO LUNAR SITE STUDIES 
(Richard E. Goodman, Jan J. Roggeveen, and Francois E. Heuz6) 
I. INTRODUCTION 
A. Problems 
Lunar engineering problems which can be investigated using 
geophysical methods include those which concern: location and delineation 
of soil deposits; foundations; excavations; location and delineation of 
natural cavities; determination of engineering properties of rock and soil; 
and characterization of lunar resources. 
With respect to foundation problems, the geometry and engineering 
properties of the foundation materials must be known. To define the 
geometry of the foundation, it is necessary to determine the depth to a 
"bearing" stratum and hidden structural features such as cavities and 
buried craters. Important engineering properties of each of the foundation 
materials are density, deformability, and strength. These parameters have 
bearing upon the required type and depth of footings, building settlement, 
and the sliding stability of the foundation. 
Besides knowledge of porosities and permeabilities, design of 
underground shelters and reservoirs involves: detection and delineation 
of cavities; determination of the protective quality of the overburden 
against radiation, meteorites, and temperature fluctuations; and calculation 
of the support requirements for  the roof. 
Use of lunar materials in construction involves location, 
excavation, and handling of soil and rock. The quantity and density of 
available materials are required, as well as their changes on removal, and 
the effort required to excavate, move, and place materials. 
1- 2 
B, Available Geophysical Techniques Used for Solution 
Geophysical techniques can be used in solving some but not all 
of the above mentioned engineering problems, The pertinent geophysical 
methods include: seismic reflection and refraction; electrical resistivity; 
gravity; magnetic and electromagnetic methods; and, perhaps, radioactive 
and infrared methods. 
Geophysical methods can be divided into two categories: those 
which measure naturally existing fields, and those which measure arti- 
ficially created fields. Measurement of naturally existing fields such 
as the gravitational and magnetic fields reflect average conditions over 
large volumes. Thus, direct quantitative determinations of depth and 
extent of anomalies using gravity or magnetic methods are difficult. On 
the other hand, seismic, electrical resistivity, or conductive electro- 
magnetic methods which make use of artificially created fields can usually 
be so designed to resolve the effect of local structural features. 
Each geophysical method used to obtain geologic information is 
dependent for its success on an appreciable contrast in physical properties 
between the body to be studied and the material surrounding it. On the 
Earth, applicability of geophysical techniques can in most cases be easily 
forecasted because of familiarity with the contrasts which can be expected. 
Obviously, we lack such familiarity for the moon. Subsurface morphology 
may be complex, as, for example, in Figs. 1-1 and 1-2. 
11. THE USE OF SEISMIC METHODS 
A. General 
Usually in seismic exploration the loading is fast enough so 
that the medium -be it granular material, jointed rock, or sound rock - 
can be considered to respond elastically. 
tion are either short duration pulse waves, or continuous waves. 
waves can be generated by various types of mechanical and electromechanical 
vibrators. 
of seismic waves are described extensively in the cited literature. 
Waves used in seismic explora- 
Pulse 
The basic principles describing the reflection and refraction 
1- 3 
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The velocites of propagation of longitudinal (VI) and shear 
(V ) waves in isotropic'elastic solids are related to the elastic constants 
by simple, well-known expressions. 
velocities in actual imperfect materials in situ have not been formulated 
in terms of bulk properties in any meaningful way. 
can be achieved, however, so that wave travel times can yield data on 
soil and rock behavior en masse. 
t 
On the other hand, wave propagation 
Empirical correlations 
B. Applications and Interpretation 
1. Geologic structure by refraction. Thicknesses of soils 
and rubble blankets and the depth to hard rock can be determined if a 
velocity contrast increasing downwards exists between successively deeper 
layers. The theoretical time-distance traces obtained in simple cases, 
and their intepretation, are well-known, e.g., Heiland (1940). 
In some cases, cavities or lava tunnels may be detected 
and delineated using the seismic refraction method. Watkins, et al. (1967) 
listed the following techniques: 1) recording of the explosion induced 
resonance of the cavity walls: 2) measurement of anomalous amplitude 
attenuations of transverse seismic waves passing by a cavity; 3)  detection 
of delay of seismic waves in the lee of a shallow cavity; and 4) detection 
of delay of seismic waves reflected from the base of the cavity. 
report using the first technique in delineating cavities and calculating 
the size of the cave based on the frequency of resonant vibrations. 
Biot (1952) determined the resonant frequency of cylindrical openings in 
infinite elastic media upon which cave size calculations referred to 
above are based. 
They 
Underground cavities can also be detected through inter- 
The method is reported pretation of the amplitudes of reflected waves. 
by J. C. Cook (1965). 
The thickness of the fragmentary blanket, or the depth to 
bedrock can be obtained by seismic refraction. The time-distance trace 
may be obtained in the same manner in which the crater shape in the 
bedrock surface is determined. 
1- 6 
2. Engineering properties of materials - deformability and 
In a homogenebus elastic material the velocity of longitudinal density, 
and transverse seismic waves is a function of the in situ elastic 
constants and density. If the elastic constants are known and if the 
seismic velocity of the transverse or longitudinal waves is determined, 
then the material density can be calculated. 
with the velocity squared. Conversely, an estimate may be made for the 
deformability, e.g., the compressibility, if the density is known. If a 
correlation between compressibility and wave propagation velocity can be 
obtained in a series of simple static loading experiments, the results 
of seismic measurements can be used to predict structural settlements. 
The density varies inversely 
111. THE USE OF ELECTRICAL RESISTIVITY METHODS 
Electrical methods are of two types: artificial ones, in which current 
is applied to the ground through electrodes, and natural ones, in which 
natural electric currents are measured. Artificial electric methods depend 
for their operation on the fact that subsurface variations in conductivity 
alter the distribution of the electric potential imposed by the electrodes. 
Electrical conduction in non-metallic terrestrial rocks and soil is essen- 
tially electrolytic. Conduction is through interstitial water which 
contains dissolved salts and the resistivity is mainly dependent on the 
resistivity of the electrolyte. When rocks or soils contain no water, 
their conductivity is very low - in fact, they are almost perfect insulators 
(Jakosky and Hopper, 1937). The great majority of models adopted for lunar 
soils and rock do not consider likely the presence of fluid in the pores. 
Induced resistivity technique will therefore not be considered in this 
report (. 
IV. THE USE OF GRAVITY SURVEYS 
A. General 
Gravity methods are described in Heiland (1940) and other well- 
known references. In practice, changes in the gravitational field strength 
are determined by subtracting the gravimeter reading made at a base station 
from the readings made at stations located throughout the survey area. The 
changes in field strength are due to structural anomalies with a density 
1- 7 
which contrasts with that of the surroundings. The gravimeter measurement 
at any one station is due to a single concentrated vertically acting force 
which, after data-reduction, can be shown to be the resultant of the gravi- 
tational attraction of the mass beneath the lunar surface. The change in 
gravitational field strength due to a single anomaly is measurable as a change 
in the vertical intensity of the field. 
The data measured by the gravimeter must be corrected for 
variations by causes other than structural anomalies. The corrections 
which must be applied are: "free air, I' topographic, and latitude. The 
"free air" correction is due to the decrease in the gravitational attraction 
if the station is higher above the base station, and mounts to - 0.186 mg 
per meter of elevation near the lunar surface (radius = 1738 km). The 
topographic correction is due to local attraction by terrain relief features. 
Corrections can be worked out using the method described by Hammer (1939) 
or Hubbert (1948a, 194833). The latitude correction takes into account 
changes in gravimeter readings due to radial acceleration and flattening 
of the moon. 
The vertical component of gravitational acceleration due to a 
mass of density contrast m located at a distance r from the gravimeter is 
where 8 is the angle between the vertical and the vector to the mass and 
G is the universal gravitation constant. Fundamental to the interpretation 
of gravity measurements is that no unique interpretation (i-e., mass 
concentration and location) can be made based on just one measurement of g . 
z 
Through interpretation, the size, shape, and position of sub- 
surface density contrasts can be determined. 
to calculate the theoretical gravity anomaly due to a given body, generally, 
there is no unique solution to the inverse problem of determining the body 
parameters from its anomaly. 
While it is a simple matter 
1-8 
Interpretation of gravity anaomalies in terms of underground 
cavities is possible. 
traversing over cylindrical and spherical cavities respectively are shown 
in Figs. 1-3 and 1-4. 
The theoretical gravity anomalies recorded when 
The geometry of the fragmentary blanket can only be determined 
using the gravity method if at some point along the survey the depth to 
bedrock is known, and if a marked density contrast exists at some interface. 
If the assumption is made that densities of the soil and rock are constant 
(thus the density contrast is also constant), then the data provided by a 
gravimeter survey coupled with some localized knowledge about the depth 
to bedrock can be directly interpreted in terms of general bedrock con- 
figuration. 
down (Surveyor's experiments). Constant densities can be used for a 
first estimate. 
In fact, the soil density is known to increase from the surface 
B. Engineering Properties of Materials -In Situ Density 
Gravity anomalies depend only on the geometry of the mass distri- 
bution, and on density contrasts. If the geometry of a soil layer 
overlaying bedrock is known, then the gravimeter data can be interpreted 
to determine the density contrast between the soil and the rock. To 
calculate the in situ density of the rock, it is necessary to know the 
in situ density of the soil. The in situ density of a gravity anomaly 
can thus be calculated if its geometry and the in situ density of the 
surrounding material are known. Eaton (1964) used the gravity method to 
determine the density profile of the bedrock beneath an engineering site. 
V. THE USE OF MAGNETIC SURVEYS 
To a great extent the magnetic and gravitational methods are similar 
in the manner in which data are acquired, presented, and interpreted. 
However, while the field work is usually simpler, the interpretation of 
magnetic survey is more difficult. 
rough quantitative solution to a problem can be found. 
Usually, only a qualitative or a very 
The magnetic method is sensitive to changes in a magnetic field 
caused by magnetized rocks. Magnetization of rocks is partly due to 
remanent magnetism caused by the presence of ferromagnetic minerals, and 
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n 
cr = density contrast = y 2  - y1 
G = gravity constant 
z = 1.305 ~ 1 / 2  
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Fig. 1-3: GRAVITY; INFINITE BURIED CYLINDRICAL TUNNEL 
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Fig. 1-4: GRAVITY; SPHERICALLY SHAPED ANOMALY 
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is pa r t ly  due to magnetization induced by the  lunary magnetic f i e l d ,  
I n  the  l i g h t  of current  knowledge of the lunar magnetic f i e l d  (very 
l o w  i n t ens i ty )  and of the s t ruc tu re  of the  lunar surface layer  ( a l l  
material derived from igneous o r  metamorphic rocks - i .e. ,  no la rge  
magnetic contrasts), it appears t h a t  the magnetic method w i l l  probably 
have very l i t t l e  o r  no appl icat ion i n  solving s i te  engineering problems 
on the moon. 
vr . RADIOACTIVE TECHNIQUES 
Measurements of na tura l  rad ioac t iv i ty  are made with spectrometer 
s c i n t i l l a t i o n  equipment which transduces y-radiation f lux  in t ens i ty  
t o  electrical pulses.  Radioactivity of rocks depends ch ief ly  on the 
concentration of minerals which e m i t  y-radiation. 
are usually a l s o  emitted but  a re  of no i n t e r e s t  here due t o  t h e i r  very 
s m a l l  penetrat ing power.) 
(a- and @-radiations 
Modern spectrometer s c i n t i l l a t i o n  equipment records rad ia t ion  energy 
i n  such a manner t h a t  separation of the uranium-234, thorium-232, and 
potassium-40 gamma ray emit t ing f rac t ions  is possible ,  thereby permitt ing 
detect ion of much weaker anomalies and, ratios of these f rac t ions  can be 
formed t o  provide addi t iona l  evidence of the r e l a t i v e  abundance of one 
or more of the component products (Corbett, 1968). 
A technique which is being developed by the U. S .  Geological Survey 
is a neutron ac t iva t ion  approach whereby i n  s i t u  i r r a d i a t i o n  with neutrons 
can produce s u f f i c i e n t  induced rad ioac t iv i ty  to  make detect ion and 
iden t i f i ca t ion  of some t h i r t y  elements possible.  Research on the method 
continues (Corbett, 1968) . 
Nuclear rad ia t ion  surveying a l so  has geophysical appl icat ion which . 
does not depend on the existence of na tura l  rad ioac t iv i ty .  Spec i f ica l ly ,  
the-penetration of y-radiation in to  rock is  l imited by sca t t e r ing  which 
increases with rock density.  
the rock densi ty  can be estimated by the percentage of rays  which cannot 
penetrate  a given thickness of rock, o r  by the percentage of rays which 
a re  back-scattered when both source and detector  are on the same s i d e  of 
By using a source of y-rays and a de tec tor ,  
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a rock mass (e.g., Surveyor experiment), The latter method can be used 
to measure density variations on the surface., In addition, such a 
method can give useful data for the interpretation of a gravity survey, 
VII. SUMMARY AND CONCLUSIONS 
This chapter has considered the specific question of the applicability 
of various geophysical prospecting techniques to site exploration on the 
moon. 
Geophysical techniques most used to solve the terrestrial equivalent 
of this problem are: seismic refraction, seismic reflection, electrical 
resistivity, gravity, and magnetic methods. Their success always depend 
on the existence of a marked contrast in the physical property to which 
the technique is sensitive. 
Table 1-1 summarizes the basic soil and rock properties pertinent 
to lunar mission support which can be determined by means of geophysical 
techniques. 
This study revealed that the seismic methods have the most application 
in the problems considered. 
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TABLE 1-1 
OF GEOPHYSICAL METHODS 
Soil  or  Rock Attribute Application Geophysical Method* 
Deformability of So i l s  
Shear Strength 
Density 
Porosity 
Soi l  P ro f i l e  and Depth t o  Rock 
Underground Cavi t ies  
Ease of Remova 1 
Dynamic Response Spectrum 
Foundations 
Slope S tab i l  i t y  
Excavations ; 
Shielding ; 
Foundations 
Storage Underground 
Excava t i  ons ; 
Foundations 
T r a f f i c a b i l i t y ;  
Storage Underground 
Excavations 
Foundations of 
Rotating Towers 
Seismic ( M )  
None 
Gravity (M) 
Seismic ( M )  
Resistivity**(M) 
Seismic ( I )  
Gravity ( I )  
Seismic ( I )  
Gravity ( I )  
Seismic ( I )  
Seismic ( M )  
*M = property c lose ly  r e l a t ed  t o  d i r e c t l y  measured quan t i t i e s .  
I = property inferred through cor re la t ions  or  from comparison of measured 
response w i t h  ideal ized t e r r a i n  models. 
**Probably inappl icable  to  lunar exploration because of the expected t o t a l  
absence of pore f l u i d s .  
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CHAPTER 2 
INVESTIGATION OF ROCK BEHAVIOR AND STRENGTH 
(Francois E. Hem6 and Richard E.  Goodman) 
I. INTRODUCTION 
Sound planning f o r  an extended lunar  explorat ion program cal ls  f o r  
a preliminary formulation of des i rab le  rock mechanics s tud ies  i n  s i t u  as 
w e l l  as on Earth Returned Samples (ERS). 
are d e a l t  with i n  o ther  sec t ions  of t h i s  repor t ,  namely, measurement of 
stresses ( V o l u m e  2 ,  Chapter 3) and rock deformabili ty i n  boreholes 
( V o l u m e  4 ,  Chapter 1). The bulk of rock t e s t i n g  techniques,  s t i l l  t o  be 
appraised, is  the  objec t  of the  present  chapter.  
Two aspects  of t h i s  problem 
Whereas u n t i l  a few years  ago design of s t ruc tu res  i n  rock w a s  s t i l l  
approached on the  bas i s  of experience and rule-of-thumb, recent  develop- 
ments i n  rock mechanics are providing more and more dependable and rea- 
l i s t i c  too-1s of inves t iga t ion  the use of which appears v i t a l  fo r  sound 
engineering p rac t i ce .  A s  expressed by D e e r e  (1967),  four s teps  a r e  
involved i n  the  design of any s t ruc ture :  
(1) Determination of the  boundary condi t ions of the problem, 
i.e., i ts dimensions and geometry and the  magnitude of  the  
loads which are t o  be r e s i s t e d .  This includes the i n i t i a l  
s tate of stress of the  i n  s i t u  rock. 
(2) Determination of the engineering properties of the materials 
involved. Unlike metals o r  concrete,  rock va r i e s  t o  such 
an ex ten t  that an extensive program of i n  s i t u  and labora- 
t o r y  t e s t i n g  subject t o  engineering judgment should be 
required to  insure  se l ec t ion  of pe r t inen t  design parameters. 
( 3 )  Select ion of a t en ta t ive  design and predic t ion  of the  
behavior i n  terms of s t a b i l i t y  and deformations using equa- 
t i o n s  from theore t i ca l  and applied mechanics. Rock 
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behavior, however, does not  always agree with continuum 
theor ies ,  t h i s  being the most de l i ca t e  problem, so f a r ,  
t o  be tackled. 
(4)  Assessment of the predicted behavior i n  terms of accepta- 
b i l i t y  of performance fo r  the pa r t i cu la r  problem a t  hand 
followed by redesign i f  necessary. Indeed, Step 2 
invest igated i n  t h i s  repor t  is of utmost importance. The 
design and predict ion of engineering behavior w i l l  be no 
b e t t e r  than the material  p roper t ies  used i n  the equation 
r e l a t i n g  load and deformation propert ies  (Step 3)  even 
though the r e l a t ions  are  co r rec t  and appl icable ,  and the 
geometry and loading values of the  f i r s t  s t ep  are  co r rec t .  
Following i s  a c r i t i ca l  evaluation of the most s ign i f i can t  techniques 
current ly  used i n  the  invest igat ion of rock behavior* and s t rength.  
11. I N  SITU TESTING** 
A. S e i s m i c  Testing 
The f i e l d  seismic technique is frequently u t i l i z e d  i n  explora- 
tory work t o  sound out  the var ia t ions  i n  qua l i t y  of an i n  s i t u  rock m a s s ,  
i .e . ,  number and type of d i scont inui t ies ,  layer ing,  overa l l  f r ac tu ra t ion ,  
etc. It can a l s o  apply t o  the detect ion of surface subsidence, t o  
invest igat ion of ore  deposi ts ,  etc.  
ed from a r e f r ac t ion  seismic survey by surface impact and recording, 
up-hole shooting, continuous 3-D logging i n  d r i l l  hole o r  cross  hole 
seismic recording. Despite the f a c t  t h a t  it does not y ie ld  information 
immediately r e l a t e d  t o  rock s t rength  and deformabili ty,  t h i s  tes t  should 
be given highest  p r i o r i t y  i n  a lunar  exploration program f o r  s c i e n t i f i c  
reasons. I t  is another kind of remote sensing technique. A s  discussed 
l a t e r ,  subsequent engineering use can be made of the avai lable  data  even 
though the computed dynamic modulus corresponds t o  t r ans i en t  loading and 
very low stress l eve l s  generated by the pulse.  
S e i s m i c  wave veloci ty  may be measur- 
* The t e r m  "behavior" w i l l  be used throughout t h i s  chapter t o  mean the 
load-deformation cha rac t e r i s t i c s  of the rock o r  rock mass. 
** The reader i s  referred t o  a L i s t  of References, a L i s t  of Symbols, and 
Table I fo r  complementary information on t h i s  subject .  
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B. Stat ic  Testing 
Behavior and possibly s t rength parameters of a rock m a s s  are 
b e t t e r  invest igated through so-called s ta t ic  tests not  concerned with the 
vagaries of t r a n s i e n t  loading, 
response of t he  body t o  engineering works as follows: 
They more c lose ly  approximate the ac tua l  
1, Pla t e  Bearing T e s t .  Deere (1967) s t a t e s ,  "A r e l a t i v e l y  
la rge  volume of rock deforms as the  r e s u l t  of the change i n  stress 
imposed by s t ruc tu res  b u i l t  upon o r  within it. 
of the  geological d i scont inui t ies  within the zone of influence a re  s ign i -  
f i can t  fac tors  which determine t o  a grea t  extent  the behavior of the rock 
mass. 
of the e f f e c t  of these d iscont inui t ies  and of the numerical values of the 
deformation modulus i s  large-scale f i e l d  load tests." However valuable 
t h i s  technique i n  ea r th  rock engineering, the considerable bulkiness of 
the  apparatus involved does not  make it appropriate f o r  lunar programs 
owing t o  payload cons t ra in ts .  Moreover, new borehole techniques 
(Goodman, Tran, Heuz;, 1968 and Goodman, Taylor, Brekke, .1968), seem t o  
provide equally r e l i a b l e  data  and i n  a much f a s t e r  way. 
The frequency and nature 
The only method t h a t  can be used t o  provide a reasonable estimate 
2 .  Pressure Chamber T e s t .  This very large sca le  loading tes t  
has l imited use even on ea r th  and should not be considered for  lunar 
exploration. 
3 .  Field Shear T e s t .  L i t t l e  has been achieved i n  the f i e l d  
of la rge  sca le  i n  s i t u  shear tes t ing .  However valuable data  it can y i e ld  
on ear th ,  t h i s  t es t  cannot take place i n  a lunar  program because of i t s  
complexity and cumbersome character .  
4. F l a t  Jack T e s t .  Originally a stress measurement technique, 
the f l a t  jack designed by Freyssinet has been improved by Rocha (1966). 
The instrument can a l so  be used as a deformability measuring instrument 
(Rocha, 1964). This technique remains bas ica l ly  one of surface inves t i -  
gation. 
5. Field Compression. Even less is  known of the ac tua l  
value of t h i s  extension t o  la rge  scale  specimens ( p i l l a r s ,  e t c . )o f  the 
uniaxial  compression laboratory test .  I t  should be pointed out  here t h a t  
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the  previous t w o  techniques are the  only ones so f a r  known t o  the 
authors  t o  be t r u e  i n  s i t u  s t rength  tests making them m o s t  valuable i n  
e a r t h  engineering, however expensive. 
6. Rock Deformeters. Equally important t o  the deformation 
under applied load is the re laxa t ion  of a rock mass upon removal of 
stresses which take  place on the surface of and around underground open- 
ings. The "qual i ty"  of the rock usually increases  with d is tance  t o  the 
open surface,  the  "skin" being usual ly  of  poor s t rength  owing t o  high 
gradien t  of stresses, b l a s t ing ,  and o ther  e f f e c t s .  Hence the re  i s  need 
f o r  inves t iga t ion  of s t r a i n  from the  surface to  the undisturbed zone. 
This i s  achieved through the  use of rock deformeters (Obert and Duvall, 
1967; Waddel, 1964, 1966; Culver, 1967) , (down-the-hole extensometers, 
f l oa t ing  rock-bolt c l u s t e r s ,  t r a n s i t  surveys, e tc . ) .  This technique 
should be a compulsory complement t o  any stress survey or surface load 
deformation study i n  ea r th  rock engineering. 
load cons t r a in t s  w i l l  very probably p roh ib i t  i t s  use i n  lunar  explorat ion.  
Unfortunately room and pay- 
7.  Log of Borings. Careful logging of t h e  products of 
d r i l l i n g  can give valuable da ta  on rock qua l i ty .  
d r i l l i n g  the following information should be gathered i n  order  to  relate 
these f ac to r s  t o  subsequent t e s t i n g  i n  the laboratory: t o t a l  length 
d r i l l e d ,  f r ac tu re  frequency, and length,  pos i t ion  and o r i en ta t ion  of 
specimens re t r ieved .  Careful logging w i l l  provide a quan t i t a t ive  qua l i t y  
index, the Rock Quality Designation (RQD) developed by Deere (1967) , 
which can be compared to  o t h e r  qua l i t y  indexes as  discussed fu r the r  on. 
D r i l l i n g  and logging s h a l l  be done a t  the  s i te  of any o the r  i n  s i t u  t es t  
and t h i s  i s  t r u e  on the moon as on ear th .  
From any explanatory 
Sa l i en t  fea tures  and r a t i n g  of t h e  above tests a re  
summarized i n  Table 2-1. 
111. LABORATORY TESTING* 
The following does no t  cons t i t u t e  an exhaustive l ist  of known labora- 
t o ry  tests on rock. This would be beyond the scope of t h i s  inves t iga t ion .  
* The reader i s  re fer red  to  a L i s t  of References, a L i s t  of Symbols, and 
Table 2-2 f o r  complementary information on t h i s  subjec t .  
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Emphasis i s  placed, r a t h e r ,  on those tests which are most commonly used 
t o  provide information re levant  t o  rock s t rength  and mechanical behavior 
as opposed t o  chemical, i so top ic ,  mineralogic, petrographic,  thermal, 
electrical  o r  magnetic behavior (Atchison, 1967). 
A. Dynamic Testing 
1. Pulse Velocity. A s  i n  the f i e l d ,  the t r a v e l  t i m e ,  ampli- 
tude va r i a t ion  and energy absorption of pulses  have been used extensively 
i n  an e f f o r t  t o  charac te r ize ,  mainly through the  dynamic Young's modulus, 
the  elastic proper t ies  of a rock mass. 
i n d i r e c t  s ince  E is not  d i r e c t l y  usable f o r  engineering purposes but  
through empirical co r re l a t ion  l a w s  (Cannaday, 1964; D'Andrea, Fischer ,  
Fogelson, 1965). 
T h i s  technique s h a l l  be ca l l ed  
d 
2 .  Resonance. The resonant frequency of a rock specimen 
from which E can be computed is ne i the r  a "first-order ' '  parameter of  
s t rength  nor behavior. However, owing t o  t h e i r  non-destructive charac- 
ter ,  the  t w o  previous dynamic tests would rank with high p r i o r i t y  i n  a 
program of t e s t i n g  on Returned Lunar Samples. 
d 
B. S t a t i c  Testing 
1. Compression Tests. Uniaxial and t r i a x i a l  compression 
tests a r e  among the m o s t  widely performed s t rength  tests. Their d a t a  
should be analyzed i n  a s ta t i s t ica l  way t o  put  i n t o  evidence not  only 
the  average value of s t rength  parameters (compressive s t rength ,  angle of  
f r i c t i o n ,  cohesion) but  a l s o  the  d i s t r i b u t i o n  ( sca t te r ing)  and an iso t ro-  
py. Despite the  f a c t  t h a t  they are des t ruc t ive  tests they should be 
performed on Returned Lunar Samples. 
2 .  Shear Tests. Following recent  developments i n  the simu- 
l a t i o n  of  rock j o i n t s  behavior (Morgenstern, 1967), d i r e c t  shear test  
da t a  can be used i n  a new appl ica t ion  of the F i n i t e  Element Method. 
When one is in t e re s t ed  only i n  j o i n t  angle of f r i c t i o n  and not  i n  j o i n t  
s t i f f n e s s ,  the multi-stage t r i a x i a l  test provides required information. 
Results w i l l  apply t o  the s t a b i l i t y  of s t ruc tu re  presenting major d i s -  
con t inu i t i e s  (slopes i n  jo in ted  rock, openings i n  bedded rock, e t c . ) .  
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3,  Tension Tests.. The s t a b i l i t y  of s t ruc tures  i n  rock 
masses a l so  very heavily depends, i n  most cases, upon the rock 's  t e n s i l e  
s t rength.  In the p a s t  few years ,  much research has been devoted t o  the 
invest igat ion of t e n s i l e  strength.  I t  appears t h a t  fo r  p rac t i ca l  pur- 
poses, two tests ( d i r e c t  unconfined tension and rupture of a beam) would 
give the  bes t  answers. Their r e s u l t s  are d i f f e ren t  but  complementary so 
t h a t  both should now be considered a s  standard tests. 
4. Creep T e s t .  Their purpose is t o  f ind out  which percentage 
of the  maximum compressive load can be applied onto a rock over a sus- 
ta ined period of t i m e  without it undergoing excessive s t r a i n .  A common 
procedure of s o i l  t e s t ing ,  it f inds  i t s  appl icat ion i n  rock engineering 
a s  w e l l  (Morlier, 1966; Obert, 19661, (deformation of foundations and 
abutments, creep o f  mine p i l l a r s ,  e t c . ) .  To be s ign i f i can t ,  r e s u l t s  
must be obtained over a r a t h e r  long period of t i m e .  
5. Permeability. Standard permeability tests i n  the labora- 
to ry  have been recent ly  modified (Bernaix, 1967), t o  provide very pro- 
mising "second order" parameters of s t rength and behavior. 
The main fea tures  and r a t ing  of the techniques discussed 
above are shown i n  Table 2-2. 
I V .  DISCUSSION 
This study draws a t t en t ion  t o  two very important features  of rock 
t e s t i n g  : 
(1) In the present  s t a t e  o f  the  a r t ,  design of s t ruc ture  upon 
o r  i n  rock relies mostly on i n  s i t u  behavior analysis  and 
laboratory s t rength  s tudies .  L i t t l e  has been done i n  the 
i n  s i t u  t e s t i n g  of rock s t rength.  The major obstacle  
appears t o  be the bulkiness of the equipment used i n  order 
t o  inves t iga te  as wide a s i te  as possible ,  hence the 
d i f f i c u l t y  of r epe t i t i on  a t  many d i f f e r e n t  sites. 
( 2 )  " F i r s t  order" parameters of s t rength w i l l  be defined a s  
those values obtained d i r e c t l y  from laboratory t e s t s  
(oC, C T ~ ,  R ,  $r, , etc . ) .  However, owing t o  the non- 
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homogeneity of rock, these da ta  a re  o f t en  character ized 
by a wide sca t t e r ing  of values.  
have i n  the p a s t  few years attempted e i t h e r  to  def ine 
"second-order" parameters of s t rength  and qua l i ty  (Deere, 
1967; Bernaix, 1967), o r  t o  bui ld  up empirical  cor re la -  
t i o n  l a w s  (Beckman, 1963; Judd, 1965; D'Andrea, Fischer ,  
Fogelson, 19651, between f i r s t  order parameters. To be 
mentioned are the Rock Quality Designation, RQD, ( D e e r e ,  
19671, based upon the degree of recovery of pieces  of 
sound cores i n  a d r i l l  ho le ,  the  Velocity Ratio,  (V /V ) 2 ,  f R  
(Deere, 1967) where Vf and VR are respect ively the 
seismic v e l o c i t i e s  i n  the  f i e l d  and i n  laboratory t e s t i n g  
of specimens, the  r a t i o  6,/(6 + (Deere, 1967) i n  a 
p l a t e  bearing tes t  where 6e and 6 
e l a s t i c  and permanent rock deformations, t he  coe f f i c i en t  
of var ia t ion ,  O/M, (Bernaix, 1967) i n  uniax ia l  compression 
t e s t s  where CT is  the  standard deviat ion and M the average 
value of t h e  compressive s t r eng th ,  and the  permeabili ty 
ra t io ,  R,l /Rd0, (Bernaix, 1967) where R-l and Ra0 are 
respect ively the  diverging permeabili ty under 1 bar  and 
converging permeabili ty under 50 bars  d i f f e r e n t i a l  
pressure i n  a th ick  w a l l  cyl inder  specimen. One can a l s o  
def ine the  r a t i o ,  Er/Elab (Deere, 1967) of t he  f i e l d  
deformation modulus and laboratory dynamic modulus as a 
second order  parameter of behavior. 
Several i nves t iga to r s  
P 
are respect ively the  
P 
V. CONCLUSION 
However severe the  cons t r a in t s  can be i n  a lunar  program of rock 
engineering s tud ie s ,  the  above discussion lends hope t h a t  a very compre- 
hensive and r e l i a b l e  inves t iga t ion  of lunar  rock engineering proper t ies  
can be conducted. Instruments w i l l  be designed (Goodman, Tran, Heuz;, 
1968) which can operate i n  boreholes on the  moon, and meaningful labora- 
to ry  t e s t s  can be performed on a l imited amount of returned samples, to  
ul t imately y i e l d  d i r e c t l y  or through co r re l a t ion  techniques r e l i a b l e  da ta  
on lunar  rock s t rength  and behavior t h a t  a r e  needed for a sound planning 
of lunar  exploratory missions. 
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J 
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PO 
P 
R 
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‘r 
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normal stress (ps i )  
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variation in a (in) 
VR 
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Y 
6 
r 6 
E1 
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P 
01 
t 0 
CT 
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'r 
'j 
longitudinal wave velocity ft/sec 
shear wave velocity ft/sec 
radius of loading plate (in) 
unit weight of rock lbs/ft3 
rock deflection under plate (in) 
displacement at distance r from tunnel center (in) 
longitudinal strain (in) 
Poisson's ratio 
y/g density of rock 
longitudinal stress (psi) - major principal stress 
confining pressure (psi) - minor principal stress 
tensile strength (psi) 
uniaxial compressive strength (psi) 
friction angle rock (degrees) 
friction angle joint (degrees) 
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CHAPTER 3 
THE MEASUREMENT OF STRESSES IN ROCK 
(Francois E. Heuz6 and Richard E. Goodman) 
I e INTRODUCTION 
The following constitutes an extensive review of techniques used 
for the determination of stresses in a rock mass on the earth. The 
theory of these techniques and a detailed listing of instruments are 
presented. The purpose of this study is to guide appraisal of the 
adaptability of such measurements to a Lunar Exploration Program. It 
will serve as a basis for recommendations and preliminary design of a 
probe to measure the absolute state of stress in the moon's crust. 
The value of such an experiment has been discussed in Volume I, Chapter 1 
of this report from both a scientific and engineering standpoint. 
Rock differs from many other engineering materials in being under 
significant initial stress. The range in possible values of initial 
stresses is great due to the unknown influence of topographic and 
geologic factors. 
this stress field and induces a new one. The final stress state conse- 
quently is directly dependent on the initial state of stress which must 
therefore be determined for any rational analyses of a rock structure. 
Excavation at the surface or underground disturbs 
11. METHODS FOR MEASURING ABSOLUTE STRESSES IN ROCK 
The methods available for assessing the state of stress in rock 
masses are listed in Table 3-1. A short presentation of the methods 
based on complete or partial stress relief follows. 
overcoring and - flat jack methods. 
are presented in the Appendix to this chapter. 
These are the 
Detailed theory and data interpretation 
A. Methods Based on Complete Stress Relief by Overcoring 
Overcoring refers to the relief of stress in the rock around 
an instrumental hole by drilling a larger concentric hole. The method 
was initiated for stress measurement in boreholes by Hast in 1951, who 
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first used trepanning (drilling of overlapping drill holes) to execute 
the outer hole.. Olsen overcored rosettes on the surface of a gallery in 
rock as early as 1932 (Olsen, 1957). 
Overcoring brings about a virtually complete removal of stress 
in the rock around the inner borehole. The methods based on overcoring 
are therefore severely affected by nonlinear and inelastic mechanical 
behavior. 
three to four times the radius of the instrumented hole. In the U. S. 
Bureau of Mines method, for example, the inner hole is EX (1.5") and the 
outer hole is 6 inches. Rocha has proposed overcoring EX with NX ( 3 " ) .  
Overcoring has also been accomplished by overdrilling the bottom of a 
hole, instrumented in its center (Leeman, 1964). 
Overcoring may be accomplished by diamond-drilling a hole 
B. Partial Stress Relief Methods: The Flat Jack Method - 
If the rock exhibits nonlinear stress-strain relations or 
hysteresis on cyclic loading, methods of stress measurement by complete 
stress relief are subject to error. Another approach would be to cause 
a relatively small change in the stresses at reference points and relate 
ude of the induced change to the primary stress field. The 
best known method of this type is the flat jack technique, originally 
developed by Tincelin (19581, in which the induced change is related to 
the primary stress by stress compensation. Another approach, the inter- 
ference of one hole on another, is under study by Kawamoto (personal 
communication). Talobre (1967) described a similar approach conducted 
at the end of a borehole. 
In the flat-jack method one measures the average pressure normal 
to the plane of a slot cut in a rock wall. 
overlapping drill holes or, better, a diamond saw (Rocha, Lopes, and 
Silva, 19661, causes deformations in the rock toward the slot, which are 
measured by a Whittemore or Huggenberger gage or a vibrating wire. A 
flat hydraulic jack is embedded in the slot and the displacements of the 
rock, away from the slot, are recorded as the jack is pressured. The 
pressure required to restore the deflections from slot cutting is an 
estimate of the primary rock pressure. A detailed analysis of the flat 
jack test was made by Alexander (1960) and Hoskins (1966). 
A slot cut into the wall by 
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The flat jack method generally yields a value only for the 
pressure perpendicular the plane of the jack, not the complete 
stress tensor. In the past it has been performed at shallow depth 
beneath the surface, whose generally disturbed stress field detracts 
from the usefulness of the results. However Rocha, Lopes, and Silva 
(1966) have introduced a diamond-saw slot countersinking technique that 
extends the method in depth. A l s o ,  the method has several distinct 
advantages: in the course of testing one determines the modulus of 
elasticity, the stresses are determined without need for accurate know- 
ledge of E; finally, the jack measures average rock pressures over a 
large area, reducing the influence of small inhomogeneities. 
111. RFVIEW OF PROBES 
A. Definitions 
For the reader's convenience some definitions are presented 
or repeated here. 
Overcoring: The so-called overcoring technique of stress 
measurement consists in drilling a first bore hole at depth in a rock 
body and Pnserting the measuring probe in it. 
of the gage output while subjected to an initial arbitrary prestress. 
A first reading is taken 
The first hole is then overdrilled with a bit of much larger 
diameter (4 times for instance). This brings about complete relaxation 
of a thick wall cylinder of rock in whose central hole the probe has 
been placed. 
elastic. The probe's output has been previously calibrated in terms 
of stresses or deformations in the laboratory. 
This relaxation monitored by the probe is assumed to be 
Calibration curves: Curves obtained beforehand in the laboratory 
and relating the gage output to deformations (soft inclusions), stresses 
(rigid inclusions), or change in rock properties (resistivity, wave 
velocity) with applied pressure. 
Soft inclusion: A probe in which measuring parts are subjected 
to significant deformations, play a passive role in the measurements, 
and are calibrated in terms of deformations. They can be termed 
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displacement gages. Stresses can then be computed from the theory of 
elasticity if the rock's elastic constants are known, assumed or 
otherwise measured. 
* 
Rigid inclusion: A probe requiring laboratory calibration in 
terms of stresses and subjected to much smaller deformations. 
inclusions are generally unidirectional and some required calibration in 
the same type of rock as the one tested. 
(gage modulus)/(rock modulus) is greater than 2. 
Rigid 
They must be such that the ratio 
Restoration of an initial stress condition: An opening (slot 
or borehole) is made in a rock mass, whose deformation is monitored during 
and after drilling. A pressure cell is inserted in the opening and pumped 
up until the intial reading of monitoring instruments (pins, pressure cell) 
is restored. The initial stress in rock is then assumed to be the one in 
the pressuring cell at cancellation. Thus there is no need for comple- 
mentary determination of the elastic constants. Moreover they can be ob- 
tained from the deformation curves (pin displacement). 
Component: A bore hole gage at one location will measure 1, 2, 
or 3 diametral deformations and will be called 1, 2, or 3-component gage. 
In order to get the complete state of stress in a plane perpendicular to 
the bore hole axis at any location, three deformations upon relaxation 
have to be measured. If not, the result of measurements at several depths 
will have to interpolated at some central position hence reducing the 
accuracy. 
* 
See Chapters 2 and 4 of this volume for complementary information on this 
subject. 
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Be Lis t ing  of Probes 
Each instrument is presented separately according t o  t h e  f cbllowing 
ou t l ine  : 
N a m e  : 
Reference : 
Pr inc ip le  : 
(see at tached l i s t  of references) 
one of the  following 
Overcoring of s o f t  inclusion 
of r i g i d  inclusion 
of photoe las t ic  mater ia l  
of s t r a i n  gage on bottom of hole 
Restoration of i n i t i a l  s t r e s s  condition 
Changes of rock proper t ies  with stress l e v e l  
Location: I n  a borehole (and minimum number of bo le s  required 
for  experiment) 
On the rock 's  surface 
I n  a s l o t  
Instrumentation: (only those p a r t s  d i r e c t l y  involved i n  the  measurement 
of s t r e s s )  
Quantity measured: 
Comments : 
3 -8 
PROBE 1 
Name : Maihak S t r a in  C e l l  
References : 18,28,31,33,34,44 
Principle:  
Location: 
Overcoring of a s o f t  inclusion 
Used i n  a bore hole 
Instrumentation: Vibrating w i r e ,  electromagnetic plucker, oscil loscope 
o r  frequency counter 
Quantity Measured: Vibration frequency of the  s t r i n g ;  thus bore hole 
diameter from ca l ibra t ion  curves and stresses 
from elastic theory, 
Comments : Measures deformation across one diameter only. Could 
be extended t o  3 simultaneous diametral measurements. 
Good s e n s i t i v i t y .  Oscilloscope i s  cumbersome. 
E must be known. 
PROBE 2 
N a m e  : CSIR S t r a in  C e l l ,  Mark I 
References: 32,45,16 
Principle  : 
Location : Used i n  a bore hole 
Overcoring of a s o f t  inclusion 
Instrumentation: Circular  elastic r ings upon which a s t r a i n  gage 
is mounted. S t ra in  gage potentiometer. 
Quantity Measured: S t ra in  on r ings.  Thus deformation of bore hole 
diameter from ca l ibra t ion  curves and stresses 
from elastic theory. 
Comments : Deformations measured across 2 orthogonal diameters 
( 2  r ings)  can be extended t o  3 diameters. However, 
measurements not i n  the  same plane. E must be known. 
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PROBE 3 
Name : CSIR.Strain C e l l ,  Mark I1 
References : 34,47 
Pr inc ip le  : 
Location: Used i n  a bore hole 
Overcoring of a s o f t  inclusion 
Instrumentation: LVDT's ( l i n e a r  var iable  d i f f e r e n t i a l  transformers) 
and recording system 
Quantity Measured: Voltage outputs; thus deformation of bore hole 
diameter from ca l ibra t ion  curves and stresses 
from elastic theory. 
Comments : I t  is a three  component gage. Good accuracy. 
E must be known. 
PROBE 4 
N a m e  : Sibek's C e l l  
Reference: 66 
Principle  : 
Location : Used i n  bore hole 
Overcoring of a s o f t  inclusion 
Instrumentation: LVDT's and recording system 
Quantity Measured: Voltage output; thus deformation of bore hole 
diameter from ca l ibra t ion  and stresses from 
e l a s t i c  theory. 
Comments : Single component gage. Can be extended t o  
3 components. E must be known. 
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PROBE 5 
N a m e  : 
References : 49 ,. 50 
Pr inc ip le :  
Location : Used i n  a bore hole 
U.S,. Bureau of Mine Gage 
overcoring of a s o f t  inclusion 
Instrumentation: 1 gaged cant i lever  beam and s t r a i n  gage 
potentiometer 
Quantity Measured: S t r a in  on gages, can t i lever  def lec t ion  and bore 
hole deformation from ca l ib ra t ion  curves and 
stresses from e l a s t i c  theory. 
Comments : Single component gage 
Rugged 
Good s e n s i t i v i t y  
E must be known 
PROBE 6 
N a m e  : U.S. Bureau of Mines Gage 
Reference: 43 
Pr inc ip le  : 
Location: Used i n  a bore hole 
Overcoring of a s o f t  inclusion 
Instrumentation: 3 gaged cant i lever  beams 
s t r a i n  gage potentiometer 
Quantity measured: S t r a in  on gages 
Cantilever def lec t ion  and borehole deformation 
through ca l ib ra t ion  curves 
Stresses from elastic theory 
Comments : 3 component gages 
Measurement i n  a s ing le  plane perpendicular t o  
borehole ax is  
Rugged 
Good s e n s i t i v i t y  
E must be known 
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N a m e  2 Griswold @ s C e l l  
Reference: 19 
Pr inc ip le  : Overcoring of a s o f t  inclusion 
Location : Used i n  a bore hole 
Instrumentation: 4 transducer rings or cant i lever  beams 
A l l  gaged 
S t r a in  gage potentiometer 
Quantity Measured: Voltage output 
Ring deformation o r  cant i lever  def lec t ion  thus 
bore hole diameter 
Stresses from e l a s t i c  theory 
Comments : 3 component gage 
Relatively l o w  s e n s i t i v i t y  fo r  t h i s  pa r t i cu la r  gage 
E must  be known 
PROBE 8 
N a m e  : Surface rose t t e  gage 
Reference : 53 
Principle:  Overcoring of a s t r a i n  gage rose t t e  
Location: On the  surface of a rock m a s s  
Instrumentation: S t ra in  gage rose t t e  
S t ra in  gage potentiometer 
Quantity Measured: S t r a in  on rose t tes  
Stress r e l i e f  on overcoring from ca l ibra t ion  curves 
i n  the  laboratory. 
Comments : Gage is not recovered 
Surface masurement 
Rosettes are f r a g i l e  
Good bonding t o  rock surface is  a problem 
E need not be known but  the r e l i a b i l i t y  of b i ax ia l  
ca l ibra t ion  is d i f f i c u l t  t o  evaluate. 
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PROBE 9 
N a m e  : Bottom r o s e t t e  gage 
References: 24,25,35,61 
Principle:  
Location : 
Overcoring of a s t r a i n  gage rose t t e  
Bottom of a bore hole, prepared f l a t  o r  hemispherical 
Instrumentation: S t ra in  gage rose t tes  
S t ra in  gage potentiometer 
Quantity Measured: S t ra in  on gages upon stress r e l i e f  
Stress from ca l ibra t ion  curves i n  the laboratory 
Comments : Gage is  not recovered 
Rosettes a re  f r a g i l e  
Good bonding t o  rock surface i s  a problem 
No theory e x i s t s  a t  present  f o r  the  s t a t e  of stress 
a t  the bottom face of a bore hole,which i s  of a 
highly complex nature. Calibration i s  not thought 
t o  be very r e l i ab le  because of e f f e c t  of unknown 
stress p a r a l l e l  t o  hole. 
PROBE 10 
N a m e  : Pot t ' s  Stressmeter 
Reference : 56,57,59,60 
Principle  : 
Location : Used i n  a bore hole 
Overcoring of a r i g i d  inclusion 
Instrumentation: Steel ce l l  f i l l e d  with o i l  and closed by a 
gaged diaphragm 
Quantity Measured: S t ra in  on diaphragm gage from change i n  cel l ' s  volume. 
Stress from laboratory ca l ibra t ion  i n  uniaxial  
compression 
Comments : Measurement i n  only one d i rec t ion  
Can be a l so  used without overcoring t o  monitor 
long term stress changes 
E need not be known 
Uniaxial ca l ibra t ion  not s a t i s f ac to ry  
High pres t ress  required 
Recoverable through overcoring 
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N a m e  : 
Reference: 
Pr inc ip le  : 
Location : 
Instrumentation: 
Quantity Measured: 
Comments : 
N a m e  : 
Reference : 
Principle:  
Location : 
Instrumentation : 
Quantity Measured: 
Comments : 
May's Stressmeter 
38 ,.39,40,41 
Overcoring o f  a r i g i d  inclusion 
Used i n  a bore hole 
Steel cell  f i l l e d  with o i l  and closed by a 
gaged diaphram 
Diferent thickness of diaphram w i l l  give d i f f e ren t  
s e n s i t i v i t i e s  
S t ra in  on diaphram gage 
Stress from laboratory ca l ibra t ion  i n  uniaxial  
compression 
Measurement i n  only one d i rec t ion  
Can be a l so  used without overcoring t o  monitor 
long t e r m  stress changes 
E need not be known 
Uniaxial ca l ibra t ion  not s a t i s f ac to ry  
High p res t r e s s  is  required 
Recoverable through 
PROBE 12 
National Coal Board 
22,70 
overcoring 
Borehole Gage 
Overcoring of a r i g i d  inclusion 
Used i n  a bore hole 
S p l i t  brass  cylinder gaged along an ins ide  diameter 
S t ra in  on gage 
S t ress  from laboratory ca l ibra t ion  under uniaxial  
compression 
Measurement i n  only one directon 
Can be also used without overcoring t o  monitor 
long term stress changes 
E need not be known 
Uniaxial ca l ibra t ion  not s a t i s f ac to ry  
High p res t r e s s  required 
Recoverable through overcoring 
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PROBE 13  
Name : H a s t "  s Stressmeter 
References: 20,21 
Principle  : 
Location : Used i n  a bore hole 
Overcoring of a r i g i d  inclusion 
Instrumentation: Nickel a l loy  spool 
Coi 1 
Screening tube 
Quantity Measured: Changes i n  impedance of the  c o i l  changes i n  
stress through ca l ibra t ion  
Comments : Measurement i n  only one d i rec t ion  
Can be a l so  used without overcoring t o  monitor 
long term s t r e s s  changes 
E need not be known 
Uniaxial ca l ibra t ion  not s a t i s f ac to ry  
High p res t r e s s  is required 
Recoverable through overcoring 
PROBE 14 
N a m e  : Salamon's C e l l  
References : 63,64 
Pr inc ip le  : 
Location: Used i n  a bore hole 
Overcoring of a r i g i d  inclusion 
Instrumentation: Hydraulic cel l  
8 w i r e  s t r a i n  gages 
4 legs (one f o r  temperature compensation) 
Quantity Measured: S t ra in  on gages 
Stresses from laboratory ca l ibra t ion  
Comments : Measurement i n  only one d i rec t ion  
Can be a l so  used without overcoring to monitor 
long term stress changes 
E need not be known 
Uniaxial ca l ibra t ion  not sa t i s fac tory  
High p res t r e s s  required 
Recoverable through overcoring 
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PROBE 15 
N a m e  : USGS Sol id  Inclusion Probe 
Reference : 48 
Pr inc ip le  : Stra ins  developed on spherical  inclusion 
Can be overcored 
Grouted i n  place i n  a borehole Location : 
Quantity Measured: Output of 3 s t r a i n  gage rose t tes  
Comments : Applicable pa r t i cu la r ly  f o r  monitoring long term 
change i n  stress 
Very rugged 
PROBE 16 
N a m e  : Robert's Stressmeter 
Reference: 62 
Pr inc ip le  : 
Location : Used i n  a bore hole 
Overcoring of a photoelast ic  gage 
Instrumentation: Glass cylinder l i g h t  source 
Polar izer  
Analyser 
x/4 plate 
Quantity Measured: Fringe pa t te rn  
Direc t ions  and magnitude of change i n  stresses 
from laboratory ca l ibra t ion  
Comments : A borehole camera can be used t o  monitor changes 
i n  the  f r inge  pa t t e rn  
The equipment is  r a the r  cumbersome and f r a g i l e  
Gives a CHANGE I N  STRESS but not the absolute  
STRESS TENSOR 
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PROBE 17 
N a m e  : Photoelast ic  rose t te  
References : 13,16,17,69 
Pr inc ip le  : Overcoring of a photoelast ic  s t r a i n  rosette 
Location : On the face  of an opening o r  a t  the  bottom face 
of a bore hole 
Instrumentation : Photoelast ic  s t r a i n  rosette 
Polariscope 
Quantity Measured: Fringe pa t t e rn  
Direction and magnitude of the change i n  stresses 
from laboratory ca l ibra t ion  
Comments : A borehole camera is used t o  monitor changes i n  
the f r inge  pa t te rn  
The equipment is ra ther  cumbersome and f r a g i l e  
Gives a change i n  stress but not the absolute 
stress tensor 
PROBE 18 
N a m e  : F l a t  Jack 
References : 1,23,54,68 
Principle  : Restore i n i t i a l  stress conditions 
Location: Used i n  an e l l i p t i c a l  shallow s l o t  
Instrumentation: F l a t  hydraulic cell  
Reference pins 
Quantity Measured: Reference pins  displacement upon rock relaxat ion 
and res t ress ing  
S t ress  level at  pins  displacement cancel la t ion 
Comments : Surface measurement (depth 1 foot)  
1 Component of stress only f o r  one cell thus need 
f o r  2 orthogonal cells emplaced close t o  each o ther  
Not used i n  a bore hole 
E can be computed from pin  displacement 
(reference 63) 
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PROBE 19 
N a m e  : Jaeger 's  Curved Jack 
Reference: 29 
Pr inc ip le  : Restore an i n i t i a l  stress condition 
Location : Used i n  the  r ing  c u t  by a thick w a l l  d r i l l i n g  b i t  
Instrumentation: Thin quadrantal hydraulic cells 
Two series: 
Inner ones f o r  reference 
Outer ones fo r  pressurizat ion 
Quantity Measured: Pressure i n  inner cells f o r  references (drops on 
overcoring and is  restored by pressurizat ion i n  
outer cells);  thus i n i t i a l  stress i n  rock is  restored.  
Comments : 
N a m e  : 
References: 
Pr inciple  : 
Location: 
The theory has been worked out but  the instrument 
has not so f a r  been used i n  ac tua l  tes t ing .  
PROBE 20 
Seismic Gage 
5,11,12,15,35,55,58,67 
Change of propert ies  with stress l eve l  (wave ve loc i ty)  
Surface impact and surface pickup 
Borehole charge and borehole pickup 
o r  
Instrumentation: Sledge hammer o r  seismic charge 
Triggering c i r c u i t  
Geophones 
Oscilloscopes 
Quantity Measured: Wave Travel Time 
Wave ve loc i ty  and e l a s t i c  constants 
Comments : The elastic constants change with the s t a t e  of stress 
R e s u l t s  are compared t o  laboratory movements 
Indicates a PRESSURE LEVEL but does not give the  
STFSSS TENSOR 
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PROBE 21  
N a m e  : Res i s t iv i ty  Gage 
References: 6,7,8,9,27,37,65 
Location: Can be used i n  a bore hole 
Instrumentation: Electrodes 
Ohmmete r  
Quantity Measured: Loss of po ten t ia l  
Rock r e s i s t i v i t y  
Comments : The rock 's  r e s i s t i v i t y  changes with the  state of stress 
Results are compared t o  laboratory measurements 
Indicates  a PRESSURE LEVEL but  does not  give 
the  STRESS TENSOR 
PROBE 22 
N a m e  : Nuclear Probe 
Reference: 4 
Pr inc ip le  : Change of propert ies  with stress level (at tenuat ion 
of a rad ia t ion)  
Location : Can be done i n  bore holes (1 f o r  source and 
1 for  pick up) 
Instrumentation: Gamma rad ia t ion  sources 
Gamma counter 
Quantity Measured: Input rad ia t ion  and absorption with dis tance 
Comments : The absorption var ies  with the  rock 's  PRESSURE 
LEVEL but  t he  STRESS TENSOR cannot be obtained 
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IV, CRITERIA FOR RATING OF PROBES 
The major features of the reviewed probes are summarized in Table 3-2, 
The following should be considered when rating the devices for adaptability 
to a lunar exploration program. 
Has the technique been used satisfactorily on earth? 
How rugged is the probe? 
Are any fluids used in operating the probe? 
How good is its sensitivity? 
What is the overall accuracy of the measurement toward deter- 
mination of the absolute stress tensor? How many components of 
stress are measured at one location? 
Is knowledge of the rock's elastic constants required to inter- 
pret the measurement or can a direct stress reading be obtained? 
What is the possibility of automatic recording and remote control? 
Is there a requirement for high initial prestressing of the 
probe thus endangering its retrieval? 
Is the calibration very sensitive to temperature and pressure 
variations ? 
What is the essential measuring device? (LVDT, cantilever, 
wire, ring, pressure cell, photoelastic material, strain, 
rosette, etc. ) 
How cumbersome is the total measuring and monitoring instru- 
mentation? 
How easily can a stress measurement be integrated into a complex 
borehole experiment on the moon? 
Can positioning of the instrument be accomplished by remote 
control? 
Based upon these considerations a rating of reviewed probes has been 
made for their adaptability to lunar measurements (Table 3 - 3 ) .  
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V e CONCLUSIONS 
It is  concluded here that i n  order t o  measure stresses i n  rocks on 
the moon e f f o r t s  should be d i rec ted  toward the design and/or lunarizat ion 
of a "three-component'' gage to  be used i n  an overcoring process. 
recording w i l l  be ref ined for data  analysis  t o  be performed on ear th .  
LVDT's seem to  be best f i t t e d  as displacement monitoring instrument, t o  
a lunar environment. 
Automatic 
Of a l l  the  devices known to the authors it appears t h a t  Probe No. 6 
(U. S. Bureau of Mines) would be the bes t  su i t ed  to undergo miniatur izat ion 
and lunarizat ion.  It  is in t e re s t ing  t o  note t h a t  t h i s  conclusion has 
been reached independently by Kaarsberg,(1967). 
components of t he  U. S. Bureau of Mines probe is  reproduced on Fig.  3-1. 
A drawing of the p r inc ipa l  
A t  t h i s  s tage  it would seem unlikely t h a t  posi t ioning of the i n s t r u -  
ment could be f u l l y  automatic. The test w i l l  require  the presence of a 
man t o  insure proper or ien ta t ion  of the gage upon repeated overcorings. 
Under t e r r e s t r i a l  conditions 10 measurements for  a t o t a l  depth of about 
7 f e e t  can be performed i n  2 t o  3 hours provided core recovery takes place 
without problem. 
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APPENDIX 
A. OVERCORING PROCEDURES 
1. Determination of Stresses by Measurement of Diametrical 
Displacements as a Result of Overcoring 
This method has recently become widely used because of the 
excellent deformation gages developed by the U. S. Bureau of Mines. 
The latest version of this gage (Merrill, 1967) has 3 cantilever beams 
allowing simultaneous measurement of displacements across three diameters 
during overcoring. 
The displacement measurements are related to the in situ 
stresses by means of the Kirsch solution (Merrill and Peterson, 1961). 
If P and Q are the maximum and minimum stresses (compression positive) in 
the plane perpendicular to the drill hole, the displacement across a 
diameter (d) inclined at 8 to P is 
(3-A-1) 
where E is Young's modulus for the rock. It is therefore accurate if the 
measurement is made at shallow depth in a borehole drilled perpendicular 
to a free face. 
longitudinal stress (parallel to the borehole) is not negligible, or if 
the borehole is inclined so that it does not follow a principal stress 
direction, the displacements will be affected by longitudinal stress and 
shear stress in the plane normal to the hole. 
If the measurement is conducted at such a depth that the 
Adopting local coordinates X1 XZ X3 with the drill hole parallel 
to X2, the displacement across a diameter making an angle 8 with X I  (8 is 
positive measured from (+)XI toward (+)Xg) (Panek, 1966) is : 
(3-A-2) 
3-A-2 
where 
and 
d dV fl = - (1 - V2) (1 + 2 cos 20) + - 
E E 
dv f2 = - -  
E 
(1 - v2) (1 - 2 cos 20) + - dV2 d f 3  = - E E 
Note that the shear stress components parallel to the borehole axis 
(T23, T21) do not contribute to the displacement across a diameter. 
By making measurements across several diameters in a minimum 
of 3 different holes (Gray and Toews, 1967) the complete stress tensor 
may be determined. Panek (1966) demonstrates how the best fit to 
redundant data may be determined using the method of least squares. 
the case o f  a shallow measurement in a hole perpendicular to a free surface, 
In 
Equation 3-A-1 may be used to determine P, Q, and 8 if measurements are 
made in 3 different directions. For a 60’ configuration, with measurements 
at: (a) 8; (b) 0 + 60’; and (c) 0 + 120°, superposition yields the 
€allowing result (Obert and Duvall, 1967) 
= - E (U i- Ub + uc> P + Q  3d a 
1’2 
P - Q  = (ma - Ub’ “ 2  + ‘Ub - UCl2 + (UC - Ua) 
- J5 (Ub - UC) 
2 u  +Ub 
and tan 20 = 
- *c a 
3-A-3 
In  these formulas, 8 is measured counterclockwise from U 1  to  P, and i f  
U > U  a n d U b + U c < 2 U  t h e n O < 8 < 4 5  b c  a '  - -  
> Uc and Ub + Uc > 2 Uaf then 45 < 8 < 90° 'b 
ub < Uc and Ub + Uc > 2 Ua, then 90 < 8 < 135O 
< Uc and U + Uc < 2 Ua, then 135 < 8 < 180° ub b 
Rocha (paper i n  preparation) has developed equipment and 
procedures f o r  measuring displacements i n  off diameter as w e l l  as dia- 
metr ical  d i r ec t ions  i n  a borehole. H i s  equipment allows complete 
solut ion f o r  the stress tensor a t  any point  i n  a s ing le  borehole. 
2. Measurement of S t r e s s  Changes i n  a Solid Inclusion a s  a Resul t  
of Overcorinq 
This approach, f i r s t  suggested by Coutinho (19491, is based on 
the stresses induced i n  the center  of an e l a s t i c  inclusion i n  a s t ressed  
e l a s t i c  material. I f  the inclusion is "welded" in to  a c i r cu la r  hole i n  
rock whose stress is then rel ieved by overcoring, it w i l l  develop stresses 
aii and 0 2  by v i r tue  of the rock stresses (51 and (52 the  r e l a t i o n  being i r r '  
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(1 + Vi) (1 - 4 Vi) Er 'r - 1  
+ - e -  
8 (1 - Vr)  Ei K2 8 (1 - Vr)  (1 + Vr) 
K1 and K2 are p r a c t i c a l l y  constant for  E./E > 4 and a r e  in sens i t i ve  t o  
V. and Vr. 
x r  
1 
A so lu t ion  corresponding t o  the  boundary condition of an 
e l a s t i c  inclusion f i t  i n t o  a hole i n  the  rock w a s  obtained by 
Muskelishvili and reported by Leeman (1964). The r e s u l t s  a r e  s i m i l a r  
t o  those given above. Hult (1963) considered the stresses i n  inclusions 
i n  v i scoe la s t i c  mater ia l .  As an a l t e r n a t e  t o  using formulas of the type 
given above, i n t e rp re t a t ion  of f i e l d  da ta  may be based on ca l ib ra t ion  of 
the  gage i n  rock from the test s i te ,  e.g. the hollow cyl inder  obtained 
i n  overcoring. 
Instruments based on t h i s  method were developed by May (1958), 
Po t t s  (1957), Salmon (1962), Wilson (19611, H a s t  (19581, and Nichols 
etr a l .  (1967). 
reported by Hobbs and Clarke (1966). H a s t  (1958) developed a f i n e  instrument 
and ref ined technique f o r  r i g i d  inclusion type measurements and has 
accumulated g r e a t  experience. A var ie ty  of the  r i g i d  inclusion method is 
the  photo e l a s t i c  method developed by Roberts e t  a l .  (1964). A g l a s s  
cyl inder  is pres t ressed  in s ide  a small hole and overcored. The g l a s s  a c t s  
as a r i g i d  inclusion and develops photo e l a s t i c  f r inges ,  which are counted 
with a hand he ld  analyser by the  observer. 
Good r e s u l t s  of tests with Wilson's device w e r e  recent ly  
An advantage of t he  r i g i d  inclusion approach is i ts  r e l a t i v e  
i n s e n s i t i v i t y  t o  the  value of the  modulus of e l a s t i c i t y  of the rock. A 
disadvantage is t h a t  the  inclusion must be pres t ressed  i n  the  hole and 
the  rock may break under the p res t r e s s  during overcoring. 
3. Measurement of S t resses  by Means of S t ra in  Gages Glued t o  the  
Rock Inside the Borehole and Overcored 
Leeman (1964) introduced a method of stress measurement by over- 
coring a r o s e t t e  glued on the  bottom of a d r i l l  hole. 
apparatus f o r  grinding the bottom f l a t  and a f f ix ing  the gage r o s e t t e .  The 
He developed 
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rosette output allows calculation of the magnitude and direction of princi- 
pal strains at the bottom of the borehole, "here is no published analytical 
solution to the stresses at the bottom of a borehole, but Gaille and Wilhoit 
(1960) published the results of a 3 dimensional photo elastic investigation 
of this problem. The stress along any radius at the center of the hole 
bottom was found to be 1.56 times the free field stress parallel to the 
same radius, and - 1.04 times the free field stress parallel to the borehole. 
This may be written 
where (5' (5' , and are primary stresses and 
XI Y 
1.56' 
Applying Hooke's law 
leads to the following expression for the strain E at the bottom of the 
hole 
X 
E E = 1.56 GIx - 1.56 W' - 1.04 (1 - V) 0' X Y Z 
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1 - 
2 (7 - 5 V )  
with a similar equation f o r  E - 
Y 
Hoskins (1967) pointed o u t  t h i s  unfortunately la rge  dependence 
of the s t r a i n s  on the generally unknown longitudinal s t r e s s  0 ' *  Berents 
and Alexander (1965) and Hoskins (1967) suggested grinding tpe hole bottom 
i n t o  a hemisphere and overcoring a r o s e t t e  placed thereon. 
f o r  stresses i n  a sphere (e.g. Timoshenko and Goodier, 1951) could then 
be used t o  reduce the data ,  
2 
The formulas 
27 - 15 V 
1 5 V -  3 
Subst i tut ion i n  Hooke's law y ie lds  i n  t h i s  case: 
For V = 0 
E E = 1.93 Cfx' - 0.24 CT ' - 0.24 cT2' 
X Y 
For V = 0.2 
1 E = 2.00 GX' - 0.4 0 ' - 0.4 OZ' 
X Y 
with a s i m i l a r  equation f o r  E . The smaller dependence of the r e su l t s  
on the  unknown stress 0' means smaller errors when data  are in te rpre ted  
using the assumption t h a t  G i z  = 0, as has been customary. 
Y 
z 
Hoskins suggested a l t e rna t ing  measurements with f l a t  and 
hemispherical bottoms, allowing calculat ion of the longi tudinal  stress 
' When G2' is  known, the stresses Ox' and 0 can be determined 
accurately from the s t r a i n  data .  Leeman and Hayes (1966) developed 
instruments f o r  measuring s u f f i c i e n t  s t r a i n  data  inside a borehole t o  
OZ Y 
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ca lcu la te  the complete stress tensor i n  one overcoring operation. 
instrument w a s  developed- to f i x  three s t r a i n  gage rosettes t o  the w a l l s  
of the  borehole. This method is so new that l i t t l e  is known y e t  about 
i ts  general appl icabi l i ty .  
A n  
B. FLAT JACK PROCEDURE 
Analysis of D a t a  From F l a t  Jack T e s t  
In  the conduct of a f l a t  jack test, two d i s t i n c t  operations are 
performed : 
(a) a slot  of f i n i t e  width is excavated and the re su l t i ng  displace- 
ments across the s l o t  between preset gage points  are measured; 
a jack of s m a l l  width i n  grouted contact with the  rock, is 
pressured u n t i l  the  pins are restored to t h e i r  former posi t ion.  
(b) 
The cancel la t ion pressure of (b) is often taken as the pressure 
preexis t ing i n  rock perpendicular t o  the jack before s l o t  cut t ing.  There 
are two reasons why t h i s  is not exactly t rue :  1) the s l o t s  are of d i f f e r e n t  
width and length i n  (a) and (b) and therefore equal displacements i n  the 
two cases must s ign i fy  unequal pressures;  2) pressure p a r a l l e l  t o  the  s l o t  
ax is  a l so  has an e f f e c t  on the  displacement. 
Displacements on s l o t  cut t ing.  The displacement between pins  2 y d i s t a n t  
symmetrically located across a s l o t  2 y thick and 2 c long is 
0 S 
i' 
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1 
E C s 41 + y2/cs21 
P C  
w 1  = - [(l - v) (J1 + y2/cs2 - L) + + 
i- yo (P - Q) (- 2 V (41 + y2/cs 2 - 5) + (1 i- V I  
2 s 41 i- y2/cs 
Displacements an pressuring flat jack. 
a thin jack c long with internal pressure P is 
The displacement caused by 
j j 
(1 + V I  P.C 
w2 = ((1 - v) (J1 + Y2/Cj2 - 5) 4. 
E j 41 + y2/cj2 
w2 is measured as a function of P, so that for any given P 
calculated if V is assumed. 
E can be 
3 j' 
If w1 is measured in to tests at right angles, P and Q may be calcu- 
lated from the two equations for w1. Typical dimensions are 
= 1-7/8" to 2" yo 
2 c = 13" 
2 c = 12" 
2 y may be 6" or 12" depending on the extensometer 
S 
j 
available. 
Evaluation of initial free field stresses. P and Q represent wall 
rock stresses that have been caused by concentration of initial stresses 
in the free field upon excavation of the test chamber. Frequently it is 
the free field initial stresses that are wanted. 
For example in the circular tunnel shown, P represents a combination A 
h' of  stress concentration factor kl acting on 0 and k2 on 0 V 
are the stress concentrations at a distance inward of 1/3 jack width; k i j  
for a circular tunnel, k12 = k21 and k i i  = k22. 
Solving for cTv and Oh, and letting k l l  = k i  and k12 = k2 one obtains 
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kl and k2 may be determined by photoe las t ic i ty ,  ana ly t i ca l  solut ion,  or 
f i n i t e  element analysis, .  
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CHAPTER 4 
THE MEASUREWNT OF ROCK DEFORMABILITY I N  BOREHOLES 
(Richard E ,  Goodman and Francois E. Heuz6) 
I. INTRODUCTION 
Post Apollo development of the moon w i l l  require  consideration of 
surface and subsurface s t ruc tures  i n  rock (shallow and deep boreholes, 
s c i e n t i f i c  s t a t i o n s ,  underground chambers f o r  storage and waste d isposa l ,  
e tc . ) .  Sound engineering w i l l  achieve the optimum r e s u l t s  only i f  based 
on intimate knowledge of the modes of mechanical behavior of the 
mater ia ls  involved. This must be t r u e  on the moon as  it is  on ear th .  
Hence, there  is a need f o r  determination of moon rock load-deformation 
cha rac t e r i s t i c s .  These data  can a l so  be used i n  the measurement of i n  
s i t u  stresses i n  rocks within boreholes.* For mapping and describing 
various rock members within an ea r th  s i t e ,  many f e e t  of d r i l l  holes a re  
frequently completed. However, quant i ta t ive  character izat ion of the rock 
un i t s  on the sole bas is  of returned samples is  ap t  t o  be misleading; the 
s o f t e r  and weaker components of the rock tend t o  be l o s t  and the f a b r i c  
of the rock block-fracture system i n  s i t u  i s  not  sampled. In  cont ras t ,  
the  w a l l s  of t he  borings form v i r t u a l l y  complete "samples" of the rock 
penetrated by the  d r i l l .  
Accordingly, within the  pas t  few years a number of devices have been 
developed which can be inser ted  i n t o  a borehole t o  apply a load and measure 
the response d i r e c t l y  on i t s  w a l l s .  They combine, with respect  to other  
bulkier  methods, the advantage of reduced s i z e  and deeper invest igat ion.  
The following cons t i tu tes  an extensive view of devices fo r  measuring 
rock deformability i n  boreholes on ear th .  The purpose of t h i s  study is  t o  
guide appraisal  of the  adaptab i l i ty  of such measurements t o  a bwar 
Exploration Program. 
* See Chapter 3 ,  t h i s  Volume. 
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11. BOREHOLE DEFORMABILITY m A S U R I N G  INSTRUMENTS 
In the l as t  t e n  t o  f i f t e e n  years a number of t e s t i n g  devices have 
been constructed which can be inser ted  i n t o  a borehole t o  apply a load 
and measure the d i r e c t  response of the w a l l s  of the borehole. As 
summarized i n  T a b l e  4-1, these devices a r e  of three types:  (1) ina t ru-  
ments t h a t  supply a uniform in t e rna l  pressure i n  the borehole by 
pressuring a f l u i d  i n  an expandable jacket  (borehole di la tometers) ;  
(2 )  devices t h a t  supply a unidirect ional  pressure t o  a portion of the  
circumference of the  borehole by forcing apa r t  c i r cu la r  p l a t e s  (borehole 
jacks) ;  and (3) devices t h a t  force a small indenting p in  i n t o  the wall  
rock (borehole penetrometers) . 
A. Borehole Dilatometers 
Two types of f u l l  circle r a d i a l  expansion devices have been 
developed. I n  the Menard Pressuremeter (Menard, 1957, 19661, a central  
measuring c e l l  f i l l e d  with water i s  in f l a t ed  between upper and lower 
guard c e l l s  introduced t o  minimize end e f f ec t s .  The i n f l a t i o n  pressure 
i s  obtained from a gas pressure bo t t l e ;  t he  borehole displacement i s  
calculated from the  changing diameter during pressuring. The C; 
instrument (1967) i s  a somewhat s imi la r  device. I n  t he  second type af 
dilatometer,  displacements are measured by d i f f e r e n t i a l  transformers 
placed across one o r  more diameters. 
the  authors are the  LNEC (Laboratorio Nacionale de Engenharia Civ i l )  
device (Rocha, 1966), the  Janod-Mermin device (Janod, Mermin, 19541, 
Come's c e l l  (Comes, 19651, t h e  tube deformeter (Takano, Shidomoto, 1966),  
and the  sounding dilatometer (Kujundzic, Stojakovic, 1964; Kujundzic, 
1965). The most e laborate  of these i s  the  tube deformeter which has 
three  groups of 8 LVDT'S giving the  diametral deformation every 60° 
around the  circumference i n  the  center and a t  each end of t he  loaded 
area. 
Instruments of t h i s  type known t o  
B. Borehole Jacks 
To the  authors '  knowledge, there  is  present ly  no dilatometer 
capable of applying t o  the  rock a pressure grea te r  than 2,200 p s i  (see 
Table 4-1). This i s  a sa t i s f ac to ry  upper l i m i t  of pressure for  many 
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rock types and exceeds the ac tua l  s t r e s s  l eve l  generated by most types 
of c i v i l  engineering works, To reach s ign i f i can t  stress l eve l s  over a 
l a rge r  volume of rock, it i s  possible t o  increase t h i s  maximum pressure 
by dr iving s t i f f  p l a t e s  against  the borehole walls by hydraulic p i s tons ,  
wedges, o r  f l a t  jacks. In  t h i s  type of instrument, re fe r red  t o  here as 
a borehole jack, a unidirect ional ,  r a the r  than r ad ia l ,  pressure is  
applied t o  the  rock over two diametr ical ly  opposed sec tors  of the w a l l  
2 6 wide. 
the  less prec ise ly  known pressure condition under the  load; however, 
there  are o f f s e t t i n g  advantages. The load being d i r ec t iona l ,  the  tes t  
can be or iented and focused on cer ta in  geologic t a rge t s ,  e .  g. it can 
be used t o  measure the force necessary t o  pry apart  j o i n t  planes i n t e r -  
sec t ing  the hole,  pa r t i cu la r ly  i f  visual  observation (s t ra tascope,  
borehole camera) is made before and a f t e r  jacking. Further ,  the higher 
pressures possible  allow the  test to  be car r ied  beyond the e l a s t i c  
region of many rock types allowing an appreciation of s t rength t o  be 
gained. Dilatometers can do t h i s  only i n  weak rocks and soils. A s  has 
been noted, a l a rge r  volume of rock is af fec ted  by the  t e s t  for  a given 
diameter. 
A disadvantage of  borehole jacks compared t o  dilatometers i s  
There a re  7 borehole jack devices known to the  authors. The 
Centex c e l l  (cen t ra l  expanding cell)  (Groupe de Travai l  du Comit6 National 
Francais, 1964; Noel, 1963) , i s  a s p l i t  cy l indr ica l  sleeve forced apa r t  
by the dr iv ing  of a conical mandrel. It is  not always recoverable i n  
deep appl icat ions.  The German stress s t r a i n  meter (Martini e t  a l . ,  1964) 
is a similar device i n  which wedges a re  spread apar t  by advancing a screw.. 
Talobre's  jack (Talobre, 1964) is  similar i n  concept bu t  w a s  designed fo r  
use as a stress m e t e r  and i s  limited t o  appl icat ion a t  shallow depths,  
i. e., several  f e e t .  Panek and Stock (1964) adapted the f l a t  jack f o r  
use i n  a borehole, edge welding race track-shaped steel  sheets.  Intended 
a s  a stress meter, the u n i t  must be cemented i n  the hole for  a s ing le  
measurement; hence it i s  p rac t i ca l  only i n  special  circumstznces. The 
geoextensometer (Absi, Seguin, 1967) is another borehole jack employing 
c i r cu la r  pis tons.  The contact  angle 2 B i s  about 140'. 
Jaeger and Cook (1963) suggested the use of four curved jacks 
manufactured by ro l l i ng  t h i n  walled tubing about a p a r a l l e l  cylinder.  
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TWO diametr ical ly  opposed curved jacks could be used to apply a r ad ia l  
pressure over two quadrants while the response of curved jacks i n  the 
contiguous quadrants could be used a s  deformation meters. The theory 
has been developed but no instrument w a s  a c tua l ly  b u i l t  and used i n  the 
f i e l d  t o  the authors '  knowledge. 
The NX p l a t e  bearing device* (Goodman, 1966) w a s  developed 
and f i r s t  applied by the authors. A s  shown i n  Figure 4-1 it cons is t s  
of two steel p l a t e s  with 2 6 = 90° forced apa r t  by 12  race track-shaped 
pis tons se lec ted  t o  give maximum hydraulic eff ic iency.  Two LVDT's give 
the diametral  deformation a t  e i t h e r  end of the 8-inch long p l a t e s .  Two 
re turn  pis tons close the  instrument t o  a thickness of 2-3/4 inches 
affording 1/4 inch clearance f o r  posit ioning i n  an NX hole.  The t o t a l  
p i s ton  t r ave l  i s  1/2 inch; the  LVDT's have a l i n e a r  range of 0.20 inch 
and a r e  adjusted t o  begin t h e i r  l i nea r  t r a v e l  when the p l a t e s  are about 
t o  contact the  rock. Ten thousand p s i ,  the  maximum pressure i n  the 
hydraulic l i n e  produces 9,300 p s i  unidirect ional ly  against  the rock 
giving a maximum t o t a l  force of about 158,000 pounds. This instrument 
is extensively d e a l t  with i n  Volume I V ,  Chapter 1 of t h i s  repor t .  
C. Borehole Penetrometers 
A s  opposed t o  jacks and dilatometers which are plane s t r a i n  
devices, borehole penetrometers are three-dimensional i n  concept. A 
small area r i g i d  d i e  is pressed i n t o  the borehole w a l l .  The contact 
pressure aga ins t  the  rock i n  these instruments is  very high because the 
area i s  s m a l l .  The rock behavior is complex and no theory is present ly  
known t o  account f o r  it. In te rpre ta t ion  of da ta  is based upon labora- 
to ry  ca l ib ra t ion .  The Bureau of Mines borehole penetrometer (Stears ,  
1965) i s  designed t o  measure rock response t o  high load a t  the s i te  of 
rock bolt anchors. H u l t ' s  (1963) and Dryselius '  (1965) devices w e r e  
designed t o  function as s t i f f  ac t ive  gages i n  stress measurements. 
Several other  s t i f f  stress gages, not described i n  Table 4-1, could a l s o  
be adapted f o r  use a s  borehole penetrometers. 
* Patent Pending - N o .  573,920- Inventors: Goodman, Harlemoff, and 
Horning; l icensed by Slope Indicator C o . ,  Sea t t l e ,  Washington. 
FIG. 4-lb. Device Disassembled 
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FIG. 4-la. NX Barehole PTate Bearing Test Device 
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111. CRITERIA FOR RATING OF PROBES 
The following should be considered when r a t ing  the  probes f o r  lunar  
application: 
1. 
2. 
3 .  
4. 
5. 
6. 
7. 
8 .  
What experience is there  i n  i ts  application? 
How rugged is  the probe? Can it be recovered a f t e r  use? A r e  
any f l u i d s  used? 
How sens i t i ve  is  i t ?  What is the e s sen t i a l  measuring device 
(volumetric gage, LVDT's, d i a l  gage extensometer, e t c . ) ?  
Is the ca l ib ra t ion  very sens i t i ve  t o  pressure and extreme 
temperature var ia t ions? 
What is the p o s s i b i l i t y  of automatic recording and remote con- 
t r o l  and posit ioning? What is the nature of the output 
( d i g i t a l ,  analog) ? 
How cumbersome is the t o t a l  measuring and monitoring instrumen- 
t a t ion?  
How e a s i l y  can a rock deformability measurement be integrated 
i n t o  a complex borehole experiment on the moon? 
Would such a tes t  endanger o ther  experiments t o  be conducted i n  
same borehole? 
Answers t o  these questions a r e  given i n  Table 4-2. 
IV. CONCLUSION 
This study ind ica tes  t h a t  e f f o r t s  should be d i rec ted  towards the  
design and/or lunarizat ion of a borehole jack using LVDT'S as monitoring 
u n i t s  and providing automatic recording and transmission of d i g i t a l  out- 
put.  The f i n a l  probe could evolve from the instrument designed by 
Goodman, e t  al . ,  which is presented i n  d e t a i l  i n  Volume I V ,  Chapter 1 of 
t h i s  report .  A s  a fur ther  study, it is suggested t h a t  the use of narrow 
angle jacks be invest igated fo r  t e s t ing  of s o i l  and/or rubble s t rength 
charac te r i s t ics .  
4-8 
SU 31 3 W O l V l I O  
I 
-0uq 
310H. 
4 -9 
RI3FERENCES 
1, 
2. 
3.  
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
1 2  e 
Absi, E. and Seguin, M. (19671, "Le Nouveau G&oextensom&re", 
Supplement t o  Annales de L ' I n s t i t u t  Technique du Batiment e t  des 
Travaux Publics, No, 235-236, July-August. 
Comes, G. (1965), "Contribution 2 la Dgtermination des Caractg- 
r i s t i q u e s  Mgcaniques d'une Fondation Rocheuse", Travaux, November. 
Dryselius, G. (1965), "Konstricktion an Matcel f u r  Beigtrycksstudier" 
(Design of a Measuring C e l l  f o r  the Study of Rock Pressure) ,  - IVA 
Ingeniorsvetenskapsakademiens Meddelande, 142,  Stockholm. 
Geoprobe Instrument, l i terature  by Testlab Corporation (19671, 
216 N. Clinton St., Chicago, I l l i n o i s ,  60606. 
Gibson, R. E. and Anderson, W. F. (19611, "In-s i tu  Measurement of 
So i l  Propert ies  with the Pressuremeter", C iv i l  Engineering and 
Public Works Review, London, May. 
Goodman, R. E. (1966) , "Research i n  Geological Engineering a t  the  
University of Cal i fornia ,  Berkeley", Proceedings of 4th Annual 
Symposium on Engineering Geology and So i l s  Engineering, Moscow, Idaho, 
Idaho Department of Highways. 
Groupe de Travai l  du Comitg National Francais (19641, "Mesure des 
Modules de Dgformation des Massifs Rocheux Dans L e s  Sondages", 
Proceedings 8 th  Congress on Large Dams, R. 16,  Q. 28, May. 
Hult, J. (1963), "On the Measurement of Stresses  i n  ,Solids",  Trans- 
actions of Chalmers University of Technology, Gothenburg, Sweden, 
No. 280. 
Jaeger, J. C. and Cook, N. G. W. (1963), "Theory and Application of 
Curved Jacks f o r  Measurement of Stresses", Internat ional  Conference 
on S ta t e  of Stress i n  the  Earth 's  Crust ,  Santa Monica, Cal i forn ia ,  
Elsevier Press (ea. Judd) , May. 
Janod, A. and Mermin, P. (1954), "La Mesure des Caract ikis t iques des 
Roches en Place s 1'Aide du Dilatom&re 2 Verin Cylindrique", 
Travaw , July.  
Kujundzic, B. and Stojakovic, M. (19641, "A Contribution of the 
Experimental Investigation of Changes of Mechanical Charac te r i s t ics  
of Rock Massives a s  a Function of Depth", Transactions of the 8 th  
Congress on Large D a m s ,  Edinburgh, Great Br i ta in ,  May. 
Kujundzic , B. (1965) , "Experimental Research in to  Mechanical Charac- 
teristics of Rock Masses i n  Yugoslavia", In te rna t iona l  Journal of 
Rock Mechanics and Mining Sciences, England, V o l .  2. 
4-10 
13. Ladanyi, B e  (1961) I "Etude The'orique e t  Exgrimentale  de 1'Expansion 
dans un Sol Pulve'rulent d'une Cavite' Pre'sentant une Syme'trie Sphe'rique 
ou Cylindrique,"Annales des Travaux Publics de Belgique, Bruxelles,  
V o l .  2 and 4.  
14.  Ladanyi, B. (19631, "Evaluation of Pressuremeter T e s t s  i n  Granular 
Soi ls" ,  Proceedings of 2nd Panamerican Conference on S o i l  Mechanics 
and Foundation Engineering, Vol. 1. 
15. Martini, H. J., e t  al .  (1964) , "Methods t o  Determine the  Physical 
Propert ies  of Rock", Proceedings 8 th  Congress on Large D a m s ,  May. 
16. Menard, L. (19571, "Mesures In-s i tu  des Propri6te's Physiques des 
Sols",  Annales des Ponts e t  Chausse'es, N o .  3, May-June. 
17. Menard, L. (1966), "Rules fo r  the Calculation and Design of Founda- 
t i o n  Elements on the B a s i s  of Pressuremeter Invest igat ions of the  
Ground", Translated by B. E. Hartmann, adjusted by J. B. Francq 
(d is t r ibu ted  by Terrametrics) , April .  
18. Noel, G. (19631, "Mesure du Module d 'E las t ic i te '  en Profondeur dans 
les Massifs Rochewt. Ce l lu l e  de Mesure", D e  1 ' I n s t i t u t  Technique 
du B a t i m e n t  e t  des Travaux Publics, N o .  185. 
19. Panek, L. A. and Stock, J. A. (19641, "Development of a Rock Stress 
Monitoring S ta t ion  Based on F l a t  S l o t  of Measuring Exis t ing Rock 
S t ress" ,  USBM Report of Invest igat ion 6537. 
20. Rocha, M. e t  a l .  (1966) , "Determination of the Deformability of Rock 
Masses Along Boreholes", Proceedings of 1st Congress of the In te r -  
nat ional  Society fo r  Rock Mechanics, Vol. 1. 
21. S tears ,  J. H. (19651, "Evaluation of Penetrometer f o r  Estimating 
Roof B o l t  Anchorage", USBM Report of Invest igat ion 6646. 
22. Takano, M. and Shidomto, Y.  (19661, "Deformation T e s t  on Mudstone 
Enclosed i n  a Foundation bv Means of Tube Deformation". Proceedinas - .a 
of 1st Congress of the In te rna t iona l  Society fo r  Rock Mechanics, 
Vol. 1. 
23. Talobre, J. A. (19641, "La Mesure In  S i t u  des Propri6te's Me'caniques 
des Roches e t  l a  Se'curite' des Barrages de Grande Hauteur", R. 20, 
Q. 28, Proceedings 8th Congress on Large D a m s ,  May. 
